Introduction 1
Ammonia is the third respiratory gas in fish (Randall and Ip, 2006) . (Note: we use the term 2 "ammonia" or the abbreviation T Amm to refer to the sum of NH 3 and NH 4 + , whereas we use these 3 formulae to refer to the individual components of ammonia gas and ammonium ion, respectively). 4
The control of ventilation in fish by both O 2 (Shelton, 1970; Randall, 1982) and CO 2 /pH 5 (Gilmour, 2001 ) is now well-established, but only recently has an additional role for ammonia 6 been clearly documented (Zhang and Wood, 2009) . Building on early results of McKenzie et al. 7 (1993) , we demonstrated that increases in blood ammonia itself stimulate hyperventilation in 8 rainbow trout, separate from any confounding effects of accompanying O 2 or CO 2 /pH changes in 9 the arterial blood (Zhang and Wood, 2009 ). Our subsequent study (Zhang et al., 2011) provided 10 evidence that neuroepithelial cells (NECs) in the gills played an important role in this response, 11 acting as ammonia chemoreceptors. These cells are now thought to be the major sites of O 2 and 12 CO 2 sensitivity in fish (see Milsom, 2012 , for a recent comprehensive review), so they may 13 function as polymodal receptors and/or there may be several subtypes (Quin et al., 2010; Zhang 14 et al., 2011) . Interestingly, after chronic exposure to high environmental ammonia (HEA) in the 15 external water, the ventilatory response to experimental elevations of ammonia in both blood and 16 water disappeared, and this change was accompanied by both structural and functional changes 17 in the NECs. The cell size and density of the NECs were reduced in HEA trout. Meanwhile, 18 although the intercellular Ca 2+ in the NECs was still elevated by high ammonia exposure, the 19 response was attenuated in HEA trout (Zhang et al., 2011) . Clearly the NECs are involved, but 20 they are not necessarily the only site of ventilatory sensitivity to ammonia. 21
In higher vertebrates, the central chemoreceptors of the brain are a second site of ventilatory 22 sensitivity to respiratory gases, and the more important control site for CO 2 detection. Whereas 23 O 2 enters from the environment, CO 2 is produced internally by endogenous metabolism, so 24 central control for CO 2 makes sense. Like CO 2 , ammonia is also produced by endogenous 25 metabolism, and in mammals, it has long been known that ammonia can serve as a ventilatory 26 stimulant (Roberts et al., 1956; Warren, 1958; Campbell et al., 1973; Wichser and Kazemi, 1974) . 27
The exact mechanism is unknown, but the best correlation appears to be with ammonia 28 concentrations ([T Amm ]) in the brain tissue, rather than with blood plasma or cerebrospinal fluid 29
concentrations (Wichser and Kazemi, 1974) . In fish, there has been only minimal research on 30 potential central chemoreceptivity to O 2 and CO 2 /pH, and none on ammonia. However a recent 31 review (Milsom, 2012) noted that with respect to O 2 , all efforts to evoke a ventilatory response 1 have failed, and with respect to CO 2 /pH, that there is firm evidence only in air-breathing fish, 2 although at least one study has indicated a contribution from brain intracellular pH (pH i ) in a 3 water-breathing elasmobranch (Wood et al., 1990) . 4
Nevertheless, several lines of evidence suggest that central sensitivity to ammonia as a 5 ventilatory stimulant is certainly a possibility in fish. Ammonia readily crosses the blood-brain 6 barrier in teleost fish, because when blood ammonia levels increase during HEA, intracellular 7 ammonia concentrations in the brain tissue also increase. While this has been widely documented 8 in tropical fish (reviewed by Ip et al. 2001; Chew et al., 2005) , it has also been seen in rainbow 9 trout (Wright et al., 2007; Sanderson et al., 2010) . Furthermore mRNA expressions of the Rhbg 10 and Rhcg1 glycoproteins have been detected in trout brain (Nawata et al., 2007) ; these appear to 11 function as NH 3 channels (Nawata et al., 2010) and their expression decreases after 48 h of HEA 12 exposure (Nawata et al., 2007) . This could serve as an adaptive measure, decreasing brain 13 permeability to ammonia during chronic exposure, thereby lessening the stimulus for 14 hyperventilation. The enzyme glutamine synthetase (GSase), which detoxifies ammonia by 15 adding it to glutamate, is high in brain tissue, and in trout increases in expression and/or activity 16 of various GSase isoforms occur during HEA (Wicks and Randall, 2002; Wright et al., 2007) ; 17 this could also decrease the central stimulus for hyperventilation during chronic HEA exposure. 18
The present study focuses on the possible central sensitivity to ammonia in the control of 19 ventilation in the rainbow trout. Our overall hypothesis was that ventilatory changes would be 20 closely associated with changes in brain tissue T Amm concentrations. As a first step, the general 21 approach used by Wichser and Kazemi (1974) in mammals was adopted, examining the relative 22 correlations of ventilation with plasma, CSF, and brain tissue [T Amm ] during ammonia loading. 23
Trout were challenged with HEA both acutely, and after chronic (1+ month) exposure, the latter 24 so as to examine how relationships changed after the hyperventilatory response accommodated. 25
The mRNA expressions of Rh proteins in the brain were also examined in trout chronically 26 exposed to HEA, to see if the earlier reported down-regulation (Nawata et al., 2007) persisted 27 once the hyperventilatory response had abated. Blood acid-base and O 2 status were also 28 monitored, together with CSF pH and brain pHi, to assess whether possible changes in these 29 parameters confounded interpretation. In a separate experiment, the time course of changes in 30 brain T Amm and ventilation were followed closely during acute HEA challenge. Methionine 31 sulfoxamine (MSOX), a well-established inhibitor of GSase in previous fish studies (Ip et al., 1 2005; Veauvy et al., 2005; Wee et al., 2007; Sanderson et al., 2010) was also employed in both 2 acute and chronic exposures, together with measurements of GSase activity, and concentrations 3 of T Amm , glutamine, and glutamate in brain tissue. These tests examined how ammonia 4 detoxification in the brain interacts with the ventilatory responses to ammonia. While correlation 5 does not prove causation, our overall results support the idea that the brain is involved in the 6 sensitivity of ventilation to ammonia in trout. 7 8
Methods 9
Fish husbandry and chronic HEA exposure 10 Martin Mills; Elmira, ON, Canada) at a ration of 2% body weight every 3 days. All the fish were 19 fasted at least 5 days before experimentation, to minimize the influence of feeding on ammonia 20 metabolism. 21
In chronic HEA treatments, trout were held in groups of 20 in tanks containing 800 l of 22 dechlorinated Hamilton tapwater. (NH 4 ) 2 SO 4 stock solution (adjusted to pH 7.80) was added to 23 the tanks to achieve a nominal HEA concentration of 250 μ mol l -1 (i.e. 500 μ mol l -1 ammonia). 24
Fish were fed (1% body weight) every 3 days. At 24 h after feeding, 2/3 of the water was 25 renewed and an appropriate amount of (NH 4 ) 2 SO 4 was added to maintain the correct HEA 26 concentration. In the control treatment, the fish were held under the same conditions as for the 27 ammonia-exposed ones, but without adding (NH 4 ) 2 SO 4 to water. The acclimation lasted 1 to 2 28 months, and ammonia concentrations were checked regularly by assay (Verdouw et al., 1978) to 29 ensure that they remained within ± 15% of nominal values. (NH 4 ) 2 SO 4 was used in acclimations 30 and experimental tests because the sulfate ion was found to have no effect on ventilation in our 31 previous study (Zhang and Wood, 2009 Syndel Laboratories Ltd., Vancouver, Canada; adjusted to pH 7.8 with NaOH) in tapwater on an 7 operating table. Buccal catheters (flared tubing Clay-Adams PE90, Sparks, MD, USA) were 8 implanted by passing through a hole drilled in the roof of the mouth in order to monitor 9 ventilation, as described by Holeton and Randall (1967) . Dorsal aortic catheters were implanted 10 by the method of Soivio et al. (1975) , and filled with Cortland saline (in mmol l -1 ; 124 NaCl, 5.1 11
KCl, 1.6 CaCl 2 , 0.9 MgSO 4 , 11.9 NaHCO 3 , 3.0 NaH 2 PO 4 , 5.6 glucose; Wolf, 1963) in order to 12 sample blood with minimal disturbance. Trout were then placed individually in darkened 13 plexiglass boxes (4.5 l volume) served with constant aeration and flowing water (0.4 l min -1 ) and 14 allowed to recover for 24 h before experimentation. The fish which had been chronically exposed 15 to HEA were always kept in water containing 250 μ mol l -1 (NH 4 ) 2 SO 4 (pH 7.80) during surgery 16 and recovery. Each treatment group consisted of 5 fish. 17
During experimentation, control trout (i.e. not previously exposed to (NH 4 ) 2 SO 4 ) were 18 continuously exposed to clean water for 20 min, and then to clean water for another 60 min 19 ("background" treatment), or to elevated concentrations of (NH 4 ) 2 SO 4 (either 500, 750, or 1000 20 μ mol l -1 ) for 60 min in a flow exposure system (flow rate 0.5 L min -1 ). The latter was achieved 21 by adding appropriate amounts of (NH 4 ) 2 SO 4 stock to the closed 4.5 l boxes at 20 min from the 22 start. Chronic HEA trout were continuously exposed to 250 μ mol l -1 (NH 4 ) 2 SO 4 for 20 min, and 23 then to 250 μ mol l -1 (NH 4 ) 2 SO 4 for another 60 min (which constituted the "background" 24 treatment for the HEA trout), or to elevated concentrations of (NH 4 ) 2 SO 4 (either 500 or 1000 25 μ mol l -1 ) for 60 min. Ventilation was measured immediately before and at 10 min intervals 26 during the exposures (i.e. at 0, 10, 20, 30, 40, 50, 60, 70, and 80 min) , except in the background 27 treatments where ventilation was measured at 0, 20, 50, and 80 min. Dorsal arterial blood 28 samples (600 μ l each, with saline replacement) were drawn into a 1-ml gas-tight Hamilton 29 syringe (Reno, NV, U.S.A.) via the catheters immediately before the end of each exposure to a 30 different (NH 4 ) 2 SO 4 concentration. At the end of experiments, trout were killed by an overdose of 31 pH-adjusted MS-222 (250 mg l -1 ), and CSF and brain were immediately sampled and frozen in 1 liquid nitrogen. 2 CSF sampling was accomplished by inserting a 50μl gas-tight Hamilton syringe through 3 the roof of the cranium at a predetermined spot and to a predetermined depth, so as to puncture 4 into the ventricular space of the optic lobe, and then applying very gentle suction. Then the 5 cranial cavity was opened by a scalpel blade, and the whole brain tissue was removed, wrapped 6 in foil, and flash frozen in liquid nitrogen. The whole tissue sampling was finished within 2 min. 7 8 Acute exposure to 500 μ mol l -1 (NH 4 ) 2 SO 4 in a time series 9
Control trout (i.e. not previously exposed to (NH 4 ) 2 SO 4 ) were anaesthetized and buccal-10 catheterized in the same way as described above. During experimentation, 5 separate groups of 11 trout (N = 5 each) were continuously exposed to 500 μ mol l -1 (NH 4 ) 2 SO 4 for either 0, 15, 30, 45, 12 or 60 min respectively after initial exposure to clean water for 20 min. Ventilation was measured 13 immediately before the start and the end of these (NH 4 Boutilier et al. (1984) . 26 Intracellular pH in brain was measured using a method described by Portner et al. (1990) . 27
The frozen brain tissue was ground in liquid nitrogen using a mortar and pestle. Approximately 28 0.1 g of tissue powder was immediately transferred to a 1.5-ml bullet tube and resuspended in 1 29 ml ice-cold media containing 150 mmol l -1 potassium fluoride and 6 mmol l -1 Na 2 -NTA 30 (nitrilotriacetic acid) on ice. The resuspension was then centrifuged at 14,000 rpm at 4 o C for 15 31 min, and the supernatant was removed and kept on ice, until pH measurement using the same 1 microelectrode and 12°C thermostatted chamber as for blood and CSF pH measurements. 2 T Amm , glutamine, and glutamate concentrations in brain tissue were measured using the 3 method of Lund (1986) . Tissue powder was obtained as described above and a weighed amount 4 (approximately 0.1 g) was transferred to a 1.5-ml bullet tube. A 0.5 ml aliquot of ice-cold HClO 3 5 (8%, with 1 mmol l -1 EDTA) was added, mixed with the powder using a needle, and then the 6 suspension was vortexed. Thereafter, the mixture was kept on ice for 5 min and centrifuged at 7 and 0.4 mol l -1 KCl). After centrifuging again, the supernatant was removed and kept for T Amm 10 measurement by the same Raichem kit as used for plasma and CSF T Amm . Glutamine and 11 glutamate were measured using a glutamine/glutamate kit (Sigma-Aldrich, St. Louis, MO, 12 U.S.A.) for spectrophotometric measurements via enzymatic deamination of L-glutamine and 13 dehydrogenation of L-glutamate, with conversion of NAD + to NADH. 14 Brain and liver GSase activities were assayed based on the production of γ -glutamyl 15 hydroxamate as described by Shankar and Anderson (1985) . Glutaminase activities were assayed 16 based on the measurement of the production of ammonia (using the Raichem kit) via 17 deamination of glutamine. The protocol followed the Sigma quality control test procedure 18 SSGLUT02 with modifications: specifically, the tissues were ground in liquid nitrogen and 19 homogenized in PBS buffer, and the enzymatic reactions were performed over 15 min at 12°C. 
Results

25
Acute exposure to a series of (NH 4 
) 2 SO 4 concentrations 26
In control trout prior to exposure to different waterborne ammonia concentrations, the 27 Δ P buccal and f v were similar in all treatments at 1.5 ± 0.2 mm Hg and 55 ± 4 breaths min -1 (Fig. 1 ). 28 Δ P buccal again kept constant to the value in trout exposed to background water and 10 significantly less than the ones in control trout exposed to the same (NH 4 ) 2 SO 4 conditions ( (Fig. 3F, Fig.5A ), but not to [T Amm ] in plasma or CSF (Fig. 3D-E) . 30
In control trout, brain pH i was about 0.6 units below arterial blood plasma pH a , whereas 31 1 to acute high (NH 4 ) 2 SO 4 exposure, although pH in plasma and CSF remained constant (Table 1) . 2
In HEA trout, pH in plasma, CSF, or brain did not change when comparing background and 3 elevated (NH 4 ) 2 SO 4 exposure. When exposed to the background water, HEA trout had higher 4 plasma pH a and brain pH i but comparable CSF pH in comparison to control trout. The brain pH i 5 values in HEA trout were comparable to those in control trout exposed to elevated ammonia. 6
Most variables of arterial blood O 2 and CO 2 in control and HEA trout did not change in 7 response to the acute elevations in (NH 4 ) 2 SO 4 ( gradually while f v remained constant, so the ventilatory index also increased continuously over 19 this period (Fig. 4A, 5C ), in a similar pattern to that seen in the earlier experiments (Fig. 1, 5A ). 20
The ventilation was significantly elevated starting from 30 min exposure, to 123% -199% of the 21 initial value from 30 to 60 min. Fish were sacrificed at each of these times; the brain [T Amm ] 22 increased slightly at 15 min, reaching 124% at 30 min, followed by significant increases to 140% 23 (at 45 min) and 191% (at 60 min) (Fig. 4B) (Fig. 6) as those of the trout without any injection described 30 earlier (cf. Fig. 1 ) -i.e. marked hyperventilation in control trout, no changes in HEA trout. 31 However, the ventilatory responses to elevated ammonia changed in both control and HEA trout 1 after MSOX injection. In control trout, Δ P buccal was significantly higher in MSOX injected 2 animals than in saline injected ones when they were exposed to clean water; Δ P buccal was even 3 more elevated in MSOX injected trout when they were acutely exposed to 500 μ mol l -1 4 (NH 4 ) 2 SO 4; while f v was constant in this treatment (Fig. 6) . 5
In HEA trout, Δ P buccal and f v were again the same as in control trout under background 6 conditions, and saline injections had no effect.
Δ P buccal was also significantly higher in MSOX 7 injected ones than in saline injected ones when they were exposed to background 250 was not (Fig. 7A) . In control trout, brain [T Amm ] was significantly higher in MSOX injected ones 15 than in saline injected ones when they were exposed to background clean water; brain [T Amm ] 16 was also elevated in both saline or MSOX injected ones when they were exposed to 500 The activities of both brain GSase (Fig. 8C ) and glutaminase ( 
Rh genes expression in trout brain 21
Rhbg and Rhcg2 were expressed at significantly higher levels in HEA trout than in control 22 trout, by 1.7 and 2.1-fold respectively (Fig. 9) . Rhcg1 expression was also elevated by 1.7-fold, 23 but the change was not significant (Fig. 9) . reported as a symptom of the toxic effects of HEA exposure (Smart, 1978; Lang et al., 1987; 28 Fivelstad and Binde, 1994; Knoph, 1996; Eddy, 2005) ; on the other side, the brain is well known 29 as the most vulnerable tissue to the toxicity of ammonia (i.e. "central neurotoxicity", reviewed 30
by Randall and Tsui, 2002, and Walsh et al., 2007) . In mammals, it had long been known thatammonia-stimulated hyperventilation is of central origin in mammals (Wichser and Kazemi, 1 1974), and ammonia toxicity in fish has been characterized by a cascade of deleterious events 2 resembling those associated with anoxic/ischemic injury (a well known driver to 3 hyperventilation) in the central nervous system (Wilkie et al., 2011) . Recent studies have 4 demonstrated that fish exhibit similar symptoms to acutely toxic levels of ammonia as mammals, 5 including hyperventilation and hyper-excitability, followed by convulsions, coma and death 6 (reviewed by Eddy, 2005, and Walsh et al., 2007) . In the present study, in which trout were 7 subjected to treatments to elevate plasma [ [glutamate] caused by the actions of GSase, there is also a localized excess of synaptic 7
[glutamate] due, at least in part, to the inhibition of the astrocytic glutamate transporters by high 8 ammonia. Therefore, unlike O 2 deprivation, ammonia-induced NMDA receptor over-activation 9
does not appear to involve excess glutamate accumulation in the central nervous system on a 10 global basis (Hermenegildo et al., 2000) . increased ammonia production) in the lemon sole; both effects were not significant despite a 20 large systemic acidosis. In the present study, no acidifying stimuli were administered, but it is 21 notable that both acute and chronic exposure to HEA caused increases in brain pHi (Table 1) , 22 illustrating the alkalinizing capacity of elevated intracellular [NH 3 ]. It is also notable that brain 23 pHi measurements in the current study were substantially lower than extracellular pHa (Table 1) , 24 in accord with the situation in mammals (e.g. Nishimura et al., 1989) , but in contrast to several 25 earlier measurements on fish where brain pHi was similar to pHa (e.g. Wright et al., 1988; Wood 26 et al. 1990) . The difference may be of methodological origin, as the earlier fish studies used an 27 indirect technique (the distribution of 5,5-dimethyl-2,4-oxazolidinedione, DMO), while 28 homogenization followed by direct measurement (Portner et al., 1990) 
The strategies of trout brain dealing with ammonia toxicity 20
Ammonia is toxic to all vertebrates by damaging the central nervous system, and most fish 21 have a variety of strategies to tolerate or avoid ammonia toxicity. As an adaptive response to 22 acute HEA exposure, there are three widely accepted strategies including: (i) reducing 23 proteolysis and amino acid catabolism, (ii) converting ammonia to other less toxic substances 24 such as glutamine or urea, and (iii) maintaining/ accelerating ammonia excretion (reviewed by 25 Randall and Tsui, 2002) . In the present study, the formation of glutamine (Fig. 8A ) and increased 26 expression of Rh proteins in the brain (Fig. 9) were found to deal with HEA exposure, suggesting 27 the latter two strategies work in trout. As argued subsequently, the upregulation of Rh proteins in 28 the brain may serve to accelerate ammonia efflux from the central nervous system so that it can 29 be excreted across the gills. 30
In a previous HEA study on rainbow trout, Nawata et al. (2007) reported that after an initial 31 reversal, net ammonia excretion through the gills to the environment was re-established at rates 1 equal to or above those in control fish for up to 48 h. A recent investigation extended this finding 2 to a chronic HEA exposure of 7 days (Sinha et al, 2013) . The HEA levels used by Nawata et al. 3 (2007) and Sinha et al. (2013) were 1090-1500 μ mol l -1 NH 4 HCO 3 , or approximately 2-3-fold 4 higher than the total ammonia concentration (250 μ mol l -1 (NH 4 ) 2 SO 4 ) used in the current 5 chronic HEA exposure for 1+ months. This ability to excrete ammonia in the face of HEA was 6 correlated with an upregulation of the mRNA expressions of Rhcg2, NHE-2, and V-type 7 H + ATPase, as well as V-type H + ATPase enzymatic activity in the gills in these two studies. 8
These are all key components of the metabolon which is thought to be involved in active 9 ammonia excretion at the gills (Wright and Wood, 2012) . Indeed, Kolarevic et al. (2012) recently 10 reported that Atlantic salmon chronically exposed to an even higher HEA level (900 μ mol l -1 11 (NH 4 ) 2 SO 4 )) for 15 weeks were able to keep plasma T Amm levels well below those in the water, 12 and this response was again coincident with upregulation of Rhcg2 and V-type H + ATPase 13 mRNA expression in the gills. 14 As reported in many previous studies (e.g. Ip et al, 2004; Sanderson et al. 2010 ), brain 15
[glutamine] increased and [glutamate] decreased after acute HEA exposure in control trout (Fig.  16 8A), revealing the formation of glutamine from glutamate and ammonia. Moreover, when brain 17
GSase was inhibited by MSOX, brain ammonia increased in both control and HEA trout exposed 18 to the background water (Fig. 7B) , suggesting that GSase plays an important role in depressing 19 endogenous brain [T Amm ] in both control and HEA trout. In fish, the activity of GSase is much 20 higher in the brain than in other tissues (Cooper and Plum, 1987; Wright et al., 2007) . In 21 mammals (Suárez et al., 2002) , it is suspected that the primary function of GSase in the brain is 22 to maintain homeostasis of the excitatory neurotransmitter glutamate in the face of ammonia 23 toxicity. As argued earlier, the same is probably true in fish because homeostasis of synaptic 24 glutamate appears to be critically important (Walsh et al., 2007; Sanderson et al., 2010; Wilkie et 25 al., 2011) . In the present investigation, the brain GSase activity was not altered by either acute or 26 chronic HEA exposure (Fig. 8C) , which is consistent with the study by Sanderson et al. (2010) isoforms was induced after 9 h HEA exposure but returned to control levels after 48 h. This 4 may reflect a maintenance function in light of increased enzyme turnover. Both the present study 5 and that of Sanderson et al. (2010) suggest that trout have a high control brain GSase activity that 6 provides more than enough glutamine synthetic capacity, so they do not confront chronic HEA 7 by changing brain GSase activity, but rather by metabolizing glutamate to other fates. 8
In this regard, it is notable that the concentration of brain glutamate was significantly 9 reduced in HEA trout (Fig. 8B ). This is a global whole tissue measurement, so one possibility is 10 long term depletion of glutamate stores because of inhibited synaptic scavenging mechanisms 11 (Rao et al., 1992; Bosman et al., 1992; Schimdt et al., 1993) . In concert, glutamate levels in the 12 brain tissue could be lowered by conversion to other amino acids which could provide a reserve 13 capacity to synthesize glutamate by transamination for times when ammonia challenge requires Our finding that the mRNA expressions of both basolateral (Rhbg) and apical (Rhcg2) 21
Rh proteins were increased in trout chronically exposed to HEA (Fig. 9 ) was initially surprising, 22
since Nawata et al. (2007) had reported a down-regulation Rhbg1 and Rhcg1 after 48 h of HEA 23 exposure. This had been interpreted as an adaptive mechanism to reduce ammonia permeability, 24 and thereby limit ammonia loading of the brain, in accord with later data showing that these Rh 25 proteins serve as ammonia channels, facilitating the movement of ammonia along NH 3 gradients 26 (Nawata et al., 2010) . If this were the case, then why should ammonia permeability increase 27 during chronic HEA exposure? However, brain [T amm ] and acid-base status were not measured in 28 the study of Nawata et al. (2007) . 29
The present investigation provided another possible explanation. In Table 3 , by using the 30 measured brain and plasma [T amm ] values (Fig. 2) and extracellular (plasma) pHa and brain 31 intracellular pHi values (Table 1) , we have calculated the brain-plasma [NH 3 ] gradients using the 1 Henderson-Hasselbalch equation, and dissociation constants for trout body fluids from Cameron 2 and Heisler (1983), as outlined by Wright et al. (1988) . These calculations should be 3 interpreted cautiously, as they treat the whole brain and blood plasma as single compartments, 4
and do not take into account regional heterogeneity or the possible confounding role of the 5 intervening CSF compartment. Nevertheless, the calculations suggest that all the NH 3 gradients 6
were positive in the outward direction (i.e. from brain tissue to blood plasma) in the control trout 7 under background conditions and also during acute HEA exposure, but in the chronic HEA trout 8 they were not significantly different from zero in any of the treatments (Table 3 ). The only 9 comparable previous study, on the lemon sole, also reported an outwardly directed NH 3 gradient 10 both at rest and after exhaustive exercise (Wright et al., 1988) . Therefore the function of the Rh 11 proteins under control conditions may normally be to facilitate the efflux of endogenously 12 produced ammonia from the brain. Given the high metabolic activity of nervous tissue, there 13 may be a high catabolic production of ammonia, and indeed one of the functions of constitutively 14 high brain GSase activity may be to deal with this endogenous ammonia load. However, during 15 chronic HEA exposure, the brain to blood plasma NH 3 gradient runs down, and there may be a 16 need for increased Rh protein expression to facilitate the active efflux of ammonia from the brain 17 in the absence of a driving gradient. This does not negate explanation for the down-regulation at 18 48 h of HEA offered by Nawata et al. (2007) , because measured plasma [T amm ] in that study had 19 reached a much higher value (~ 1100 µmol l -1 ) by that time, more than twice the levels seen after 20 1 h HEA exposure in the present study ( Fig. 2A) . At 48 h, the animals were clearly not in 21 steady-state, and there may have been a critical need to limit the permeability of the brain to 22 ammonia. In light of the earlier caveats, the fact that mRNA expression may not reflect protein 23 abundance or activity, and our current lack of knowledge on barrier functions in the fish brain, 24 these arguments are clearly speculative. In future studies it will be important to localize and 25 quantify the Rh proteins in the brain, and how they might change over time during HEA 26 exposure. 27
In summary, this study demonstrated that brain is involved in the ventilatory sensitivity to 28 ammonia in trout. 
